INTRODUCTION
As one of the most promising electrical energy storage devices, zinc-air battery has received great attention due to its high specific energy density (about 1,084 W h kg −1 ), safety and reliability, and plays an ever increasing important role in addressing the emerging environmental issue and meeting with the future energy requirements [1] [2] [3] [4] [5] . However, the slow oxygen reduction reaction (ORR) of the cathode is a major block that hinders zincair batteries' large-scale applications [6] . Therefore, extensive research in exploration of low-cost, high-activity, and durable alternative electrocatalysts for ORR has been done in order to achieve high operational performance of the Zn-air battery. Pt-based catalysts are generally considered to be the most effective catalysts for ORR. Unfortunately, a range of issues including high cost, scarcity of natural resources and insufficient durability still limit the large-scale commercialization of Pt-based electrocatalysts [7] . So far, a variety of non-Pt-based catalysts have been developed as alternatives to Pt-based electrocatalysts [8, 9] , and porous nanotubular carbon materials (nt-CMs) have been widely studied due to their extensive applications to catalysis, adsorption and energy in the recent decades [10] [11] [12] . To further enrich the application of the nt-CMs in the field of electrochemical research, they are usually doped with other atoms like nitrogen. N-doped nanotubular carbon composites (nt-CNs) not only improve the dispersion of nt-CMs, but also change the local charge density of nanotubes, improve the electron transport properties of nanotubes, and reduce the resistivity [13, 14] . The synthesis and application of nt-CNs as ORR electrocatalysts have become one of the hotspots in recent years [15] . The first method for preparing nt-CNs was the so-called arc evaporation using a graphite rod as the electrode. Its main advantage is that the synthesized nt-CNs are highly graphitized. Later, the development of chemical vapor deposition (CVD) provides a feasible approach for synthesizing nt-CNs [16, 17] . Another technique for preparing nt-CNs is laser evaporation [17] . These traditional methods are called "synchronous in-situ doping", which are generally time-consuming, high-cost and environmentally unfriendly [18, 19] . Therefore, other simple ways for synthesizing nt-CNs have been developed like the high-temperature carbonization of nitrogen-containing polymers, which is carried out by pyrolysis under atmosphere of nitrogen-containing gaseous molecules [20] [21] [22] [23] [24] [25] . Metal-coordinated nanotubular C-N composites (M-nt-CNs) materials have been established as one of the best alternatives to Pt/C because of their excellent catalytical activity [26] . As non-precious metals, Ni and Co nanoparticles have been widely explored and show great potential applications in energy conversion and storage devices due to their abundant resources and environmental friendliness [27, 28] . As for the carbon-supported Ni/Co nanocatalysts, nickel and cobalt particles were favorable in activating the outer graphitic layers, contributing to the enhancement of active site density toward ORR [29] . Ni-Co-coordinated nanotubular C-N composites (Ni-Co-nt-CNs) have been therefore paid much attention due to their large surface areas, uniform hetero atom geometric distributions and the presence of porous defects [30] , which could provide more catalytic active sites, playing a key role in electrocatalysis.
Herein, we report a low-cost and facile approach for the synthesis of NiCo-hollow tubular C-N composite nanocatalysts (NiCo@ht-CN) through direct pyrolysis of the mixture composed of 2-cyanoguanidine, sucrose and metal Ni/Co salt, without introducing extra complex procedures in addition to high temperature pyrolysis. NiCo@ht-CN particles were formed by using NiCo as the growth catalyst of the hollow nanotube, and 2-cyanoguanidine and sucrose as the C-N source. The as-formed ht-CN composites are intertwined with each other to form a crimped structure. This unique feature provides the prepared samples with high intrinsic activities, fast electron transfer and high density of active sites. Among the as-prepared samples, the Ni 2 Co 3 @ht-CN shows impressive catalytic performances toward ORR in either neutral or alkaline electrolyte. Zn-air batteries in alkaline and neutral media were assembled with Zn as the anode and carbon paper coated by the prepared samples as the air electrode (cathode) and reveals much better performance compared to that with the commercial Pt/C. On the basis of these SEM images, diameter distribution histograms of nanotubes are shown in the inset of Fig. 1 .
EXPERIMENTAL SECTION
As for the single Ni sample Ni@ht-CN (Fig. 1e ), large diameters of the nanotubes were observed, and the diameter of the nanotubes mostly exceeds 26 nm. In addition, the single Co sample Co@ht-CN ( fringes of Ni (0.2034 nm, PDF#04-0850) and Co (0.2047 nm, PDF#15-0806), which are corresponding to the (111) lattice planes of pure Ni and Co [32] . And the lattice fringe of 0.1776 nm is close to the standard lattice fringes of Ni (0.1762 nm, PDF#04-0850) and Co (0.1772 nm, PDF#15-0806), which are related to the (200) lattice planes of Ni and Co [33] . Thus, the TEM analysis consolidates that the nanoparticles distributed on carbon nanotubes are NiCo alloy. Fig. 2c reveals that the diameter distribution of NiCo alloy nanoparticles is mostly in 8-20 nm. There are also some smaller particles (4-8 nm) that may not be involved in the formation of nanotubes.
Based on these considerations, we propose a possible mechanism for forming ht-CN as shown in Scheme 1. It is widely believed that the formation of ht-CN requires three key steps of nucleation, migration and growth [34, 35] . At high temperatures, 2-cyanoguanidine decomposes to form graphitic nanosheets, sucrose acts as a primary carbon source to form carbon nanoparticles, and metal nanoparticles are formed by the thermal reduction process. The metal nanoparticles act as the catalytic center for nanotube growth, and subsequently, the graphitic nanosheets and carbon nanoparticles migrate toward the catalytic centers and deposit on the surface of the metal nanoparticles to become the nuclei of nanotube growth. As other nanosheets and carbon particles continue to migrate to the surface of the core, the long hollow tubular composites are formed. The anisotropic growth rate of the tubular composites leads to the distorted patterns. Based on this formation mechanism, metal nanoparticles are usually located at the opening ends of the CNTs. This can be strongly supported by the TEM images as shown in Fig. 2 .
XRD pattern in Fig. 3a shows the weak and broad characteristic diffraction peak centered at ca. 26.5°is corresponding to the (002) plane of graphite carbon, which is consistent with HRTEM results, demonstrating the existence of several graphitic layers in the as-prepared catalysts [36] . When C-N is doped with Ni and Co, three distinctive peaks located at 44.32°, 51.62°and 76.10°c ould be seen for Ni 1 Co 1 @ht-CN, Ni 2 Co 3 @ht-CN and Ni 3 Co 2 @ht-CN catalysts. These three peaks are right located in between those of Co (PDF#15-0806) and Ni (PDF#04-0850), which could be attributed to the (111), (200) and (220) lattice planes for a metallic Co or Ni facecentered cubic structure [37] . Combined with the analysis of HRTEM above, it can be further confirmed that the nanoparticles decorated on N-doped carbon nanotubes are NiCo alloy [38] [39] [40] [41] . The corresponding EDS mappings (Fig. 3b) indicate that the NiCo@ht-CN is composed of homogeneously dispersed C, N, Ni and Co elements.
Nitrogen-sorption measurement (Fig. 3c) shows all samples display a type-IV isotherm with a distinct hys- teresis loop at a relative pressure P/P 0 of 0.4-1.0, which is normally related to capillary condensation in mesopores, while the sharp increase at low pressures (P/P 0 = 0-0.4) indicates the existence of micropores [42] . [43, 44] . The poresize distribution (PSD), analyzed by density functional theory (DFT) (Fig. 3d) , shows that the pores of three NiCo@ht-CN are mostly smaller than 1 nm, that is, the high surface areas of the NiCo@ht-CN can be mainly attributed to microporosity. Raman spectra of NiCo@ht-CN samples in Fig. 3e (Fig. 4a) . The C 1s peak (Fig. 4b ) is concentrated at around 283.7 (C=C), 284.2 (N=C) and 285.1 eV (C-C), indicating the successful synthesis of graphitic carbon. The presence of asymmetric C-N peak suggests the doping of N in the graphitic carbon sheet [47] . The high-resolution N 1s spectrum (Fig. 4c) is deconvoluted into three dominant peaks at 398.0, 399.9 and 401.1 eV, which can be assigned to pyridinic-N (63%), pyrrolic-N (24%) and graphitic-N (13%), respectively. It is generally considered that the pyridinic-N and graphitic N play a crucial role in ORR [48, 49] . Pyridinic N, due to its electron-donating properties, can serve as metal anchoring sites for Ni and Co atoms [50] . The core level spectrum of Co 2p (Fig. 4d) can be deconvoluted into six peaks, of which the peaks at 781.6 and 797.2 eV are attributed to Co 2+ , while those at 779.6, 794 and 795.9 eV are ascribed to Co 3+ . The highresolution Co 2p 3/2 spectrum is deconvoluted into three peaks centered at 777.5, 779.6 and 781.6 eV, which can be attributed to the existence of metallic Co, Co-N, and Co-C, respectively [51] [52] [53] . The presence of such catalytically active groups increases the electronic interactions be- tween Co and nitrogen-doped graphitic carbon, and improves the electrocatalytic performance of the catalyst toward ORR [54, 55] . For the case of Ni 2p spectrum (Fig. 4e) , the peak located at about 852.1 eV can be assigned to Ni metal, and the fitting peaks at 853.5 and 854 eV are assigned to Ni 2+ , while the other two fitting peaks at 855.1 and 871.3 eV can be indexed to Ni 3+ , and the peak at 877.8 eV located aside Ni 2p 1/2 is ascribed to its satellite peak [56] . According to the XPS results of the Co and Ni, it can further confirm the presence of the chemical bonding between metal-metal and metal-N in the Ni 2 Co 3 @ht-CN. It is generally accepted that carbonnitrogen complexes can be significantly formed after Ni and Co doping, which can produce catalytic active surfaces that weakly bind oxygenated intermediates, resulting in higher ORR activity [57] .
To assess the electrocatalytic activities of the prepared samples toward ORR, cyclic voltammetric (CV) measurements were performed in 0.5 mol L −1 KNO 3 ( Fig. 5) and 0.1 mol L −1 KOH (Fig. 6) . CVs of the samples in N 2
and O 2 -saturated 0.5 mol L −1 KNO 3 at a scan rate of 50 mV s −1 shown in Fig. 5a display that all the prepared catalysts exhibit a distinct increment of cathodic current in O 2 -saturated electrolyte, which is caused by ORR on the catalysts. No significant cathodic peak can be observed between the potential of −0.2 and 0. (Fig. 5c-e) . The slope of the linear curve derived from the dependence of the current at 0.755 V upon the scan rate reveals a double layer capacitance (C DL ) (Fig. 5f ). The surface area of the prepared catalysts can be obtained by using a specific capacitance (C S ) of 60 μF cm −2 reported according to our recent work [31] . Fig. 5f ), indicating the much larger active surface area of the Ni 2 Co 3 @ht-CN. The large ECSA value also makes contribution to ORR electroactivity.
CV data in 0.1 mol L −1 KOH were also obtained as indicated in Fig. 6 . Similarly, the CV curves of the Ni 1 Co 1 @ht-CN, Ni 2 Co 3 @ht-CN and Ni 3 Co 2 @ht-CN in N 2 -saturated alkaline media display a featureless voltammetric profile (Fig. 6a) . In O 2 -saturated media, however, a more positive shift of ORR peak potential for Ni 2 Co 3 @ht-CN than that of the other two catalysts is observed (Fig. 6b) (Fig. 7a, c) . In neutral 0.5 mol L −1 KNO 3 (Fig. 7a) tential of the catalysts is less than that of Pt/C, the Ni 2 Co 3 @ht-CN displays a much larger diffusion current density than Pt/C. In alkaline electrolyte (Fig. 7c) Fig. 7b and 7d [58] . The electron transfer number (n) of ORR on the Ni 2 Co 3 @ht- CN was calculated to be in the range of 3.7−3.9 in neutral media or 3.6−3.9 in alkaline media, based on the K-L equation and the parameters in the literature [59, 60] , indicating that the ORR process on the Ni 2 Co 3 @ht-CN is nearly a four-electron pathway in both neutral and alkaline media. These results imply that the decoration of NiCo alloy nanoparticles on ht-CN composites could result in more active sites and easier reduction of oxygen into water due to the special novel structure. One of the active sites is derived from the metal-N 4 structure, which can be easily formed from nitrogen source, metal source and carbon carrier at 600-800°C [61] . Also, carbon-nitrogen complexes can be significantly formed after Ni and Co doping, which can produce catalytic surfaces that weakly bind oxygenated intermediates, resulting in higher ORR activity [62, 63] . In addition, the homogeneous distribution of abundant Co@N actives sites on the surface of the mesoporous carbon can greatly promote electron penetration to enhance the ORR catalytic activity, and the presence of a high proportion of Co is generally more helpful to promote the oxygen reduction process [64] . Therefore, the ORR electroactivity order of the catalysts follows Ni 2 Co 3 @ht-CN>Ni 1 Co 1 @ht-CN>Ni 3 Co 2 @ht-CN.
To verify the stability of the catalyst for oxygen reduction, 5,000 times consecutive linear scanning tests were carried out in neutral and alkaline media, as shown in Fig. 7e and 7f. Results reveal that both in neutral and alkaline media, no noticeable change of the polarization curves on the Ni 2 Co 3 @ht-CN was observed before and after 5,000 cycles. Chronoamperometric data also show a negligible current degradation at 7,200 s (the insets of Fig. 7e, f) , which demonstrates excellent long-term stability of the catalyst in neutral and alkaline electrolyte.
To further verify the practicability of the catalyst as an air cathode for a zinc-air battery, we investigated the ORR polarization curves of the prepared catalysts in the halfcell model (Fig. 8a) , where the working electrode (air electrode) is fabricated by coating the catalyst on carbon cloth. Corresponding polarization curves are manifested in Fig. 8b (neutral solution) and Fig. 8d (alkaline solution) . A nearly linear increase of the ORR current with the negative shift of potential arises for all the catalysts in both neutral and alkaline media when the potential is lower than the onset potential. Although the onset potential of ORR on the prepared catalysts in the neutral electrolyte is lower than that of Pt/C, the current generated by the Ni 2 Co 3 @ht-CN exceeds that of Pt/C. In alkaline solution (Fig. 8d) , the Ni 2 Co 3 @ht-CN reveals better performance than other catalysts and even Pt/C. The effect of potential sweeping rate on polarization curve was also investigated and the results are shown Fig. 8c (neutral) and Fig. 8e (alkaline) . In the range of 5 to 100 mV s , the sweeping rate has little effect on current density, showing that oxygen gas can reach the threephase interface of electrolyte/catalyst/gas in time through the gas diffusion layer of the carbon cloth. Results con- firm that the prepared catalysts are excellent electrocatalysts for ORR and the corresponding carbon cloth coated with the catalysts is the reliable air electrode as the cathode of Zn-air battery.
To investigate the practical application of the asdeveloped catalysts in neutral and alkaline electrolyte, we assembled zinc-air batteries with the prepared catalyst loading on carbon cloth as the cathode and a Zn sheet as anode in 0.5 mol L −1 KNO 3 and 6.0 mol L −1 KOH (Fig. 9a) . For comparison, the commercial Pt/C as cathode catalyst was also inspected. Fig. 9b ) also exceeds the results obtained in neutral zinc-air battery reported recently [65] [66] [67] . The Ni 2 Co 3 @ ht-CN displays an open-circuit voltage (V OC ) of 1.08 V, which is slightly lower than that of the Pt/C (1.12 V) but higher than the other two catalysts. This is consistent with the result in Fig. 7a . In addition, discharge curves of the battery under different current densities (25, 50 , 100 and 150 mA cm −2 ) were also tested in 0.5 mol L −1 KNO 3 for both the Ni 2 Co 3 @ht-CN and Pt/C cathodic catalysts ( Fig. 9c) . A well-defined voltage plateau develops at any discharge current, and the Ni 2 Co 3 @ht-CN battery always shows a higher plateau than the Pt/C. This reveals that the neutral Zn-air battery with the cathodic catalyst Ni 2 Co 3 @ht-CN possesses a persistent and stable discharge performance even at a high current density of 150 mA cm −2 . As for the polarization and power density curves in alkaline solution (Fig. 9d) , the Ni 2 Co 3 @ht-CN battery also exhibits an outstanding performance compared with the Pt/C. The maximum power density on the Ni 2 Co 3 @ht-CN is 314 mW cm −2 , about 1.6 times larger than that of the Pt/C (198 mW cm −2 ). When the test is cut off to 0.6 V, corresponding discharge current density still reaches 500 mA cm
, showing superior performance over those in recent work [68] [69] [70] . A surprising result can be clearly seen from the dependence of the battery voltage upon discharge time as indicated in Fig. 9e , where the plateau voltage of the Ni 2 Co 3 @ht-CN battery drops by only 0.08 V after 240 min of stepped constant current discharge, while the plateau voltage of the Pt/C battery drops by 0.21 V. Constant current discharge curves at 150 mA cm −2 in 0.5 mol L −1 KNO 3 and 6.0 mol L −1 KOH are shown in Fig. 9f and Fig. 9g , respectively. The discharge time of Ni 2 Co 3 @ht-CN battery and Pt/C battery in the neutral electrolyte can last for about 10 h when the test is cut off to 0.1 V. As can be seen from the whole discharge curve (Fig. 9f) , the battery voltage of the Ni 2 Co 3 @ht-CN is slightly higher than that of the Pt/C. In alkaline solution (Fig. 9g) , however, the Ni 2 Co 3 @ht-CN battery reveals much higher and more stable discharge voltage than the Pt/C even at a high discharge current density of 150 mA cm −2
. After~25 h continuous discharge, the cell voltages of the Ni 2 Co 3 @ht-CN and Pt/C batteries are 1.160 and 1.035 V respectively, showing a voltage difference of 0.125 V. This further indicates the better performance of the Ni 2 Co 3 @ht-CN for ORR in alkaline medium than in neutral solution. The high ORR catalytic activity and stability of the Ni 2 Co 3 @ht-CN is responsible for advanced Zn-air batteries and other related fuel cells as an excellent cathodic catalyst. As exemplified in Fig. 9h , eight light-emitting diodes (LEDs) can be easily lightened by two series Ni 2 Co 3 @ht-CN battery in neutral solution.
The superior electrochemical performances of the Ni 2 Co 3 @ht-CN catalyst for ORR can be attributed to its novel morphological structure and special compositions: i) the combination of Co-Ni alloy with N can modulate the electronic properties and surface polarities, thus providing more ORR active sites and improving the activity of the catalyst; ii) the "synergistic effect" between Ni and Co caused by their same crystal structure (face centered-cubic) and similar cell parameters enhances the ORR activity; iii) hollow tubular structure and porous surface of the catalyst also promote the ORR due to lots of ORR active sites in the interior of carbon shells; iv) large active surface area of ht-CN, as well as the presence of graphitization carbon structure and defects sites in the material, can efficiently enhance the transfer speed for both electrons and oxygen; and v) the higher content of pyridine-N and graphite-N provides a significant amount of ORR-related active sites.
CONCLUSIONS
In summary, we have developed a facile and cost-effective method to prepare NiCo doped hollow tubular C-N nanocomposites (NiCo@ht-CN) by directly pyrolyzing a mixture of Ni/Co salt, 2-cyanoguanidine and sucrose. Such hollow C-N nanotubes exhibit a bamboo-like shape with a tube diameter as small as 12 nm. In addition, the prepared Ni 2 Co 3 @ht-CN catalyst possesses excellent ORR activity and enhanced discharge performance (compared with the Pt/C) in alkaline and neutral solutions. We have shown that the newly-developed catalyst can be successfully implemented as a highly efficient cathode in Zn-air battery operating in different pH electrolytes. Whether in neutral or alkaline medium, the Ni 2 Co 3 @ht-CN battery presents higher discharge current density and power density, more importantly, much higher discharge voltage plateau and stability, compared with the Pt/C battery. The facile procedure and scalability for the synthesis of the Ni 2 Co 3 @ht-CN may open up a promising avenue for the development of cathode catalysts applied to various fuel cells and metal-air batteries.
